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ABSTRACT OF THESIS 
 
PLASMA TREATED MESOPOROUS TiO2 THIN FILMS 
 FOR ENERGY STORAGE APPLICATIONS 
 Mesoporous TiO2 films treated with N2/argon plasma or H2 plasma were studied 
for use in photoelectrochemical water splitting and electrochemical supercapacitors, 
respectively. Cubic-ordered mesoporous thin films were prepared by a templated sol-gel 
method. UV-Vis absorbance spectra indicated that nitrogen plasma treatment 
significantly reduced the band gap of the TiO2. XPS analysis showed that nitrogen atoms 
are incorporated into substitutional sites, rather than interstitial. Photocatalytic activity of 
nitrogen-doped TiO2 films was evaluated by chronoamperometry and linear sweep 
voltammetry. Compared to pristine TiO2, plasma-treated films showed remarkable 
photocurrent enhancement (up to 240 times) in both ultraviolet and visible light. XPS of 
hydrogen plasma-treated films (H-TiO2) showed an increase of Ti3+ content. 
Electrochemical characterization of the films was performed using both aqueous and 
organic electrolytes. The capacitance of plasma-treated films was 300 and 176 times 
higher than the pristine film in aqueous and organic electrolytes, respectively. When 
subjected to long-term cycling, the H-TiO2 film demonstrated better stability in organic 
electrolyte versus aqueous electrolyte. This thesis suggests that plasma-treatment of 
transition metal oxides is a promising strategy to enable the efficient incorporation of 
nitrogen atoms and oxygen vacancies into metal oxide nanostructures, leading to superior 
visible-light driven photoelectrochemical hydrogen production and electrochemical 
capacitance. 
KEYWORDS: Photoelectrochemical Water Splitting, Supercapacitor, Electrochemistry, 
Hydrogen Production, Energy Storage 
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CHAPTER 1: INTRODUCTION 
1.1 The Global Demand for “Green” Energy Storage 
 Over the past few decades, the world has been increasingly looking for the 
solution for renewable, “green” sources of energy. This is due in part to the rise in 
awareness of the harmful effects of traditional energy sources on the environment, as well 
as the ever decreasing availability of fossil fuels. Green energy sources provide 
significant advantages over conventional energy sources; however, they also present new 
challenges. With current methods, power output is easily adjusted according to the power 
demand at a specific time. Since most green energy sources are based on directly 
converting the power of nature, such as the sun or wind, to utilizable energy, their peak 
power outputs may not match power demand. In addition to hourly cycles every day, 
there can be large fluctuations in both power output and demand in seasonal cycles 
depending on geographic location. In order for green energy sources to become primary 
and reliable sources of energy, energy storage will be just as important as energy 
production. Energy produced from these intermittent sources needs to be stored when 
production exceeds demand, and then released when demand exceeds production.  
 When people think of energy storage, typically batteries are the first thing to come 
to mind. Batteries have been the energy storage devices of choice for several reasons: 
they are reusable, widely available, and localized. While batteries are certainly on the 
forefront of energy storage technologies, there are several critical disadvantages in 
modern day batteries which prevent them from being the sole solution to the global 
energy storage problem. To date, the most efficient energy storage technique is to pump 
water from a low elevation reservoir to a higher elevation reservoir. In this process, 70-
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85% of the electrical energy consumed to pump the water can be regained.[1] However, 
the disadvantages are quite limiting with this method as well. The most notable 
disadvantage is the large amount of land needed for the water reservoir and infrastructure. 
It is quite obvious that one form of energy storage is simply not ideal for all energy 
storage needs. The future of energy storage devices will undoubtedly include multiple 
methods of energy storage working together on different scales. Some additional forms of 
energy storage currently receiving research attention are mechanical flywheels, hydrogen, 
and supercapacitors.[1] This thesis focuses on the latter two. 
1.2 Hydrogen Production through Photoelectrochemical Water Splitting 
 Hydrogen is considered one of the most promising forms of green energy storage. 
It has an indefinite shelf life. Hydrogen fuel cells and traditional combustion engines fed 
with hydrogen can generate electricity without air pollution, generating only water as a 
waste product. Additionally, it can be scaled to meet a variety of energy storage needs. 
Fuel cell technology is constantly advancing, and combustion engine technology is 
mature which leads to the question: why is hydrogen use not more widespread? Besides 
technical issues associated with hydrogen storage which will not be discussed here, a 
main obstacle against mass utilization of these technologies is the lack of a continuous, 
environmentally friendly hydrogen source. While producing only water as a waste 
product sounds very environmentally friendly, 95% of hydrogen available for use today 
is derived from fossil fuels through a process known as steam reformation.[2] The need 
to consume fossil fuels and the greenhouse gas byproducts stemming from this 
reformation process seemingly defeat the purpose of using hydrogen as a green form of 
energy storage. Also, hydrogen produced by steam reformation typically contains carbon 
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monoxide impurities, which can be detrimental to the performance of many fuel cell 
systems. In order for hydrogen to become a widespread form of energy storage, a better 
method of hydrogen production needs to be developed. It is important to point out that 
hydrogen is not a “fuel” in the traditional sense of the term. Rather, it is a form of energy 
storage. This is because we have no natural source of elemental hydrogen and regardless 
of the production method, it will always require more energy to produce hydrogen than 
can be harvested by utilizing it. 
 For many years it has been widely known that water can be split into hydrogen 
gas and oxygen gas through electrolysis. As water is one of the most abundant natural 
resources on the planet, this is a very promising and sustainable source of high-purity 
hydrogen. The problem with standard electrolysis is the large amount of energy required 
in the process. The two reactions occurring in electrolysis are as follows: 
:	2 → 	4 	4  	 1.23  
: 2 	2 	→ 	  0.0  
 The first reaction is known as the oxygen evolution reaction (OER) while the 
second is known as the hydrogen evolution reaction (HER). It is shown from the standard 
potentials of the half reactions that the standard cell potential ( ) is -1.23V. Since the 
cell potential is negative, standard Gibbs free energy change ∆ °  is positive, indicating 
that the reaction is non-spontaneous (see equation below). 
∆ ° 	  
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 Thus, at an applied potential of 1.23V, electrolysis should drive the reaction of splitting 
water into hydrogen gas and oxygen gas. In practice, however, a much larger potential 
must be applied for electrolysis to occur, usually well over 2 V. The extra potential 
applied is called overpotential. It is this overpotential that contributes to electrolysis 
being so energetically and financially costly. 
 In photoelectrochemical (PEC) water splitting, the overall reactions are the same 
but the mechanism is different. Instead of a large voltage applied across a pair of 
electrodes, energy from a light source, ideally the sun, is absorbed by a semiconductor 
photocatalyst and used to generate electron/hole pairs. These photogenerated electrons 
and holes can then participate in the water splitting reaction allowing for much less 
potential to be applied across the electrodes, consuming less electrical energy. In this 
way, the intermittent energy of the sun can be converted to an on-demand form of 
chemical energy contained in molecular hydrogen.  For PEC water splitting, only a small 
potential bias is required to assist the transport and separation of photogenerated electrons 
and holes. It is generally recognized that OER is much more difficult to catalyze than 
HER. The HER is easily catalyzed by an electrocatalyst such as platinum. Most current 
research, including that presented in this thesis, is focused on finding a suitable 
photoanode to catalyze OER. In PEC water splitting, the incoming photon promotes an 
electron from the valence band of the semiconductor catalyst to the conduction band. The 
remaining hole in the valence band is then free to accept an electron from a water 
molecule allowing OER to take place. Photogenerated electrons travel through the circuit 
to the catalytic cathode where they participate in HER. This scheme can be seen in figure 
1.1. 
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Figure 1.1: An energy diagram showing reaction scheme for PEC water splitting using 
TiO2 photocatalyst. The ideal photocatalyst will have a smaller band gap than that of 
TiO2. 
 
 The main considerations when choosing a photocatalyst for PEC water splitting 
are the band positions of the material and its band gap. In order for water oxidation to 
occur, the valence band of the semiconductor must be at an energy level more positive 
than the potential of water oxidation. Likewise, the energy level of conduction band must 
be more negative than the potential of HER.[3, 4] However, it is not enough that the band 
positions are correct, but the band gap must be small enough to achieve useful 
efficiencies. As the band gap gets larger, the range of suitable wavelengths from the 
source light which catalyze the reaction becomes narrower. The commonly referenced 
ideal band gap for the semiconductor has been calculated to be 1.6-2.4eV.[5] This is 
(H+/H2)
(H2O/O2)
e‐
e‐
h+hν
E
n
e
rg
y
TiO2 VB
TiO2 CB
1.23eV
3.2eV
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higher than the thermodynamic energy required for the process due to the various 
activation barriers involved, but low enough to have the maximum utility of solar 
light.[6] Utilizing a material with this small of a band gap, however, presents a practical 
issue; these materials are unstable in water. It has proven difficult to find a material 
which has desirable band positions and a useful band gap. Titania (TiO2) has shown to be 
one of the best fitting materials for this area but it has its own challenges. 
1.3 TiO2 for PEC Water Splitting 
 Titania is possibly the oldest known and most studied material as a photocatalyst 
for PEC water splitting. In 1972, Fujishima and Honda demonstrated the ability of TiO2 
to be used in PEC water splitting when exposed to ultraviolet light.[7] This work started a 
tidal wave of research interest which has yet to die down until this day. While many have 
begun to explore other materials, TiO2 has remained on the forefront of PEC water 
splitting research. It is also the benchmark that many other materials are compared to. 
TiO2 has many desirable qualities for PEC water splitting applications including its 
physical and chemical stabilities, low cost, low toxicity, band energies which meet the 
needs for PEC water splitting. The primary disadvantage plaguing the commercialization 
of TiO2 is its large band gap (~3.2eV). Due to the large band gap of TiO2, only ultraviolet 
(UV) radiation can be used to generate electron/hole pairs for photocatalysis. The 
spectrum of solar light includes only 3-5% of UV light which can be used for energy 
conversion process in TiO2.[8] This sets a maximum limit of 3-5% efficiency for solar 
water splitting with pristine TiO2 which is not sufficient for commercial application. If 
TiO2 is to be used for PEC water splitting on a commercial scale, it is necessary to 
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engineer this band gap so that visible light can be used which composes approximately 
50% of the solar spectrum.[3] 
 Popular methods of engineering the band gap in TiO2 include doping with 
heteroatoms (either metals [9, 10] or non-metals [11-13]) and reduction of the 
material.[14, 15] The method which has seemed to be the most promising and has 
subsequently received the most attention is nitrogen doping. Nitrogen doping has been 
accomplished in a variety of ways including the synthesis of TiO2 with nitrogen 
containing precursors,[16] thermal annealing in nitrogen rich environments,[17] and 
plasma treatment.[18, 19] The radical-rich environment involved with plasmas has 
proven to be particularly effective for nitrogen incorporation. Nitrogen can be 
incorporated into the structure of TiO2 in two different ways: it can replace an oxygen 
atom in the lattice (substitutional), or it call fill a void in the lattice (interstitial). While 
the effects of each position has been hotly debated over the years, both experimental data 
and theoretical calculations have consistently shown that substitutional nitrogen is most 
beneficial for PEC water splitting performance while interstitial can have a negative 
effect.[20-22] In particular, substitutional doping of nitrogen is most effective because it 
allows for nitrogen’s p states to mix with oxygen’s 2p states, effectively narrowing the 
band gap.[23] In this thesis, the treatment of high-surface-area, mesoporous TiO2 films 
with N2/Ar plasma is explored as an efficient method to prepare nitrogen-doped TiO2 (N-
TiO2) for PEC water splitting. Additionally, this thesis focuses on using TiO2 for another 
form of energy storage: supercapacitors. 
 
8 
 
1.4 Supercapacitors 
 Supercapacitors continue to gain an increasing interest for use in modern energy 
storage systems. They possess several desirable qualities including high power density, a 
long cycle life, and the ability to bridge the gap between traditional, high-power-density 
dielectric capacitors and high- energy-density batteries and fuel cells. This can be seen in 
the Ragone plot in figure 1.2 below. Supercapacitors can complement batteries and fuel 
cells in their energy storage functions by providing back-up power supplies to protect 
against power disruptions, as well as providing large amounts of power in a short time. In 
their design, supercapacitors appear very similar to batteries. They are composed of two 
electrodes, an electrolyte, and a membrane that isolates the two electrodes electrically, 
but still allows ions to permeate. The most important component to the performance of 
the supercapacitor is the electrode material. In general, the electrodes are fabricated with 
nanomaterials. These materials have high porosity and therefore high surface area, which 
leads to large amounts of energy being stored since supercapacitors store energy 
primarily on the electrode surface. This energy is stored through two mechanisms: 
electric double-layer capacitance (EDLC) and Faradaic capacitance.[24] Modern 
supercapacitors employ electrodes which utilize both storage mechanisms.  
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Figure 1.2: Ragone plot showing achieved power densities and energy densities for 
dielectric capacitors, supercapacitors, batteries, and fuel cells. Supercapacitors fill the 
void between dielectric capacitors and batteries. 
 
 In EDLC, the electrode material is not electrochemically active. No 
electrochemical reactions take place on the electrode material during charging and 
discharging processes. The charge storage mechanism is similar to standard dielectric 
capacitors; it is purely a physical charge accumulation at the electrode/electrolyte 
interface.[24] When charging the capacitor, an external load forces the electrons to travel 
from the negative electrode to the positive electrode. The cations in the electrolyte then 
move towards the negative electrode while anions move towards the positive electrode. 
At each electrode, an electric double layer is formed at the interface between electrode 
surface and electrolyte. When the external load is disconnected, the electric double layer 
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remains, keeping the charges separated until the electrodes are connected in a circuit and 
the current is allowed to flow in the reverse direction. The rates of charging and 
discharging are nearly instantaneous because the rate is limited solely by the migration 
rates of the ions.[24] Since the storage mechanism is based on electrostatic interaction 
and not a chemical reaction, the process is highly reversible, allowing for a practically 
infinite working lifetime. Activated carbon based supercapacitors provide a prime and 
common example of EDLC. 
 Faradaic capacitance, or pseudocapacitance, occurs when redox reactions take 
place on the surface of the electrode materials.[24] Similarly to a battery, when an 
external load is applied to a Faradaic capacitor, the reaction is allowed to proceed in the 
nonspontaneous direction. When the electrodes are then connected in a circuit, the 
reaction occurs in the spontaneous direction, allowing for the flow of electrons between 
electrodes. Different from a battery however, these reactions occur almost exclusively on 
the surface of the electrode, but also utilize the material just below the surface. Because 
the material just below the surface is accessible to Faradaic reactions, these electrodes are 
capable of exhibiting far higher capacitance than EDLC. This capacitance difference can 
be as much as 10-100 times.[25] Because Faradaic processes are slower than EDLC, the 
power density is lower but the energy density is larger.[26] The primary disadvantage of 
materials with Faradaic capacitance is the noticeable lack of stability when compared to 
EDLC only. As with batteries, the reactions involved exhibit some degree of 
irreversibility which contributes to a decrease in cycle life. 
 For commercial supercapacitor applications, aqueous electrolytes are not used. 
This is due to the small potential range which can be applied to an aqueous 
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supercapacitor before the water begins to break down by electrolysis. Instead, organic 
solvents such as acetonitrile are used to provide a larger potential window. This is 
necessary to increase energy density as large as possible. As seen in the equation below, 
the energy density of the capacitor has a quadratic relationship with the potential, so even 
a small increase in potential range (V) result in a large increase in overall energy stored 
(U). The energy stored on a capacitor can be expressed as: 
	
1
2
 
where U is the energy stored on the capacitor, C is the capacitance, and V is the operating 
potential.[27] 
1.5 TiO2 for the Supercapacitor 
 Titania has only begun to be explored as a material for the super capacitor within 
the past eight years and largely stemmed from Li-ion battery research as its 
pseudocapacitive properties became evident.[28, 29] Many of the same properties that 
make TiO2 desirable for use as PEC water splitting photocatalyst also make it desirable 
for supercapacitor applications, i.e. low cost, high chemical and physical stability, and 
low toxicity. In addition, it is relatively easy to synthesize high-surface area 
morphologies of TiO2 which are extremely important for capacitance.[30] However, the 
low electrical conductivity of TiO2 greatly hinders its capacitive performance. 
 While nanostructured TiO2 showed promise on its own, the breakthrough came 
when oxygen vacancies were introduced.[31-35] When oxygen vacancy sites are 
generated in the lattice of TiO2 the electrical conductivity of the TiO2 is greatly enhanced 
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along with the appearance of Faradaic reactions. Methods used to accomplish the 
efficient introduction of oxygen vacancies included electrochemical treatment,[32, 35] 
annealing in a hydrogen atmosphere,[33] and hydrogen plasma treatment.[34] Compared 
to other methods, hydrogen plasma treatment has shown advantages including a short 
process time and relatively low operation temperature. Both are important when 
preventing deterioration of nanostructure in order to maintain the structural integrity of 
electrode materials.  
 As noted, aqueous electrolytes are not ideal for commercial supercapacitor 
applications because of their narrow potential window. However, all previous studies of 
TiO2-based supercapacitors to date have utilized aqueous electrolytes. It is possible that 
much of the Faradaic capacitance observed has stemmed from reactions between water 
and TiO2, such as protonation and deprotonation reactions. In the present study, it is 
hypothesized that pristine and plasma-treated TiO2 films will display significantly 
different capacitance behaviors in an organic electrolyte solution than has been observed 
in aqueous electrolyte. 
1.6 Microwave Induced Plasma Treatment of TiO2 Films 
 As mentioned above, plasma treatment has proven to be a highly effective method 
to hydrogenate and to incorporate nitrogen into TiO2 films. In microwave induced 
plasma, microwaves are used to ionize the source gases, producing radicals and ionized 
species. These highly reactive radicals/ions then bombard the surface of the material, in 
this case mesoporous TiO2 films, and react with the material. The exact mechanism of the 
reaction is unknown as plasmas produce a very dynamic and complex environment. For 
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this work, a Seki Diamond Systems AX 5010 microwave plasma CVD system was used 
for the plasma treatment. A schematic of the system is shown below in figure 1.3. 
 
Figure 1.3: Scheme of Seki Diamond Systems AX 5010 microwave plasma CVD system. 
Gas is introduced at the bottom of the chamber while microwaves are introduced through 
a quartz window from the top of the chamber. 
 
 The source gases are passed through mass flow controllers by which their flow 
rates are controlled. The gases are mixed in the manifold and the mixture is sent into the 
quartz vacuum chamber where it is deflected over the gas deflector tube and exhausted 
through the vacuum pump. Meanwhile, 2.45GHz microwaves are generated at the 
magnetron power head. These microwaves are passed in a wave guide through a 3-stub 
tuner which adjusts the three-dimensional waveform of the microwaves. After the waves 
are guided through the tuner, they are sent through the quartz chamber where they ionize 
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the flowing gas mixture to create the plasma. Three parameters are able to be controlled 
to change the conditions of the plasma: incoming gas flow rates, microwave power, and 
gas pressure in the reactor chamber. If a gas mixture is being used as opposed to a pure 
gas, the gas composition can also be varied. The exact parameters used for each 
experiment are detailed in the “Experimental Methods” sections of the following 
chapters. 
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CHAPTER 2: NITROGEN DOPED MESOPOROUS TIO2 FILMS FOR 
PHOTOCATALYTIC WATER SPLITTING 
2.1 Experimental Details 
2.1.1 Materials 
Anhydrous ethanol (200 proof, Pharmco Aaper), F127 (triblock copolymer with 
average structure HO-(CH2CH2O)100(CH2CHCH3O)65(CH2CH2O)100H, Mn = 12,500 Da, 
Sigma-Aldrich), titanium tetrachloride (tech grade, Sigma-Aldrich), deionized 
ultrafiltered (DIUF) water (Fisher Scientific), colloidal graphite (Ted Pella, inc.), KOH 
(reagent ACS, 85%, Fisher Scientific), Nochromix powder (Fisher Scientific), and 
concentrated sulfuric acid (Fisher Scientific) were all used as received.  
2.1.2 Synthesis of Mesoporous TiO2 Films 
 Nochromix solution, prepared by following the instruction of the supplier, was 
used to clean borosilicate glass slides (Fisher Scientific). The synthesis was begun by 
preparing a solution of 0.67 g of surfactant F127 in ethanol (18.43g). Then, TiCl4 (1.12 
ml) was added to the previously prepared F127 solution in a nitrogen-filled glove bag. 
The solution was stirred for 10 min to allow for chloride / ethoxy exchange to take place. 
1.8 g of deionized water was then added to the solution slowly. The solution was stirred 
for 10 minutes. The cleaned glass slides were dipped into the solution and then moved up 
using a home built system at a withdraw rate of 6 cm/min to prepare the TiO2 films, 
followed by aging in a highly humid environment (RH ~ 94%) in a refrigerator at a 
temperature of 4 °C for 2 h. The high RH environment was provided by placing the slides 
in a sealed box with two beakers of water. Immediately after aging, TiO2 films were 
calcined in a muffle furnace (Vulcan 3-550) for 10 minutes at 350 °C. The temperature of 
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the furnace was increased to 350 °C at a ramp of 25 °C/min but the calcined TiO2 films 
were cooled rapidly after 10 minutes at the final temperature. Rapid transfer directly from 
the refrigerator to the furnace was carried out to avoid moisture condensation on the 
surface of the films [36].   
2.1.3 N2/Ar Plasma Treatment 
A microwave-assisted plasma CVD system (Seki Diamond Systems, AX5010) 
was used for the generation of nitrogen-doped TiO2 (N-TiO2) films. The details of the 
plasma system are described in section 1.6. The TiO2 sample was placed on a 
Molybdenum (Mo) stage for the optimal focus of plasma and the chamber was evacuated. 
Once a base pressure of 60 mtorr was established, the chamber was purged with Ar gas at 
a flow rate of 100 sccm for 10 min. After purging, the pressure was brought to 15 torr and 
Ar plasma was ignited using 300 W microwave power (2.45 GHz). Immediately upon 
plasma ignition, N2 gas was introduced at the desired flow rate. The chamber was brought 
to the desired pressure where it remained through the rest of the treatment process. For 
pressure variation experiments, pressure in the plasma reactor was varied from 30 torr to 
70 torr under the constant nitrogen flow of 40 sccm. For nitrogen flow rate experiments, 
nitrogen flow in the plasma reactor was varied from 40 sccm to 100 sccm at the constant 
pressure of 70 torr. All samples were treated for 30 minutes. After the treatment, the films 
were cooled in a 250 torr N2 atmosphere for 60 min prior to being removed from the 
chamber. The untreated TiO2 sample and the TiO2 samples treated for 40, 60, 80 and 100 
sccm nitrogen flow in the plasma reactor are denoted as pristine TiO2 and x sccm_N-
TiO2, respectively, where x is the nitrogen flow rate in sccm. 
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2.1.4 Characterization 
 The morphology and structure of TiO2 films were characterized with a scanning 
electron microscope (SEM) attached to a Focused Ion Beam instrument (Helios Nanolab 
660, FEI). For SEM characterizations, TiO2 films on fluorine-doped tin oxide (FTO) 
slides were cut and mounted exactly at the center of an SEM stub coated with carbon 
tape. A scanning transmission electron microscopic (STEM) image was obtained by 
Helios Nanolab 660 (FEI). High resolution images of mesoporous TiO2 films were 
obtained by a transmission electron microscope (TEM) (JEOL 2200FS). Low angle XRD 
analysis was carried out using a Bruker-AXS D8 DISCOVER diffractometer to 
determine the degree of mesostructural order. Films were scanned at 0.5 °/min in 2θ 
increments of 0.02° from 1° to 4°. The optical change of the samples by the plasma 
treatment was probed with an UV-vis absorption spectrometer (Ocean Optics, DT-MINI-
2-GS). The measurement was carried out by placing the films at an angle of ~45° relative 
to the incident beam. X-ray photoelectron spectroscopic (XPS) analysis was conducted 
using a ThermoScientific K-Alpha photoelectron spectrometer using monochromatic Al 
K-α radiation with photon energy of 1486.6 eV. Prior to the XPS characterization, 
samples were cleaned with ethanol to remove dust from their surface. 
2.1.5 Photoelectrochemical Characterization  
For photoelectrochemical (PEC) experiments, the films of pristine TiO2 and N-
TiO2 were prepared on conductive FTO substrates. Prior to dip coating, FTO slides were 
cleaned with deionized water, acetone and isopropanol followed by UV-ozone treatment 
for 20 minutes to remove any organic contaminants. The photoelectrochemical 
measurement was carried out to evaluate the performance of N-TiO2 films for 
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photocatalytic hydrogen production. These experiments were conducted in a 
photoelectrochemical system with an electrochemical cell (home-made glass cell) with 
three electrodes and a CHI 660D potentiostat (CH Instruments, Inc.). A TiO2 film (either 
pristine or N-doped) mounted on FTO, a platinum wire, and a Ag/AgCl electrode were 
used for the working electrode (WE), counter electrode (CE), and reference electrode 
(RE), respectively. 1M KOH was used as the electrolyte. Light sources used were a 
halogen lamp (ELH Osram, 120 V, 300 W), a UV LED (365 nm, Thorlabs), a blue LED 
(455 nm, Thorlabs) and a green LED (530 nm, Thorlabs). The power densities of the 
halogen lamp, UV LED, blue LED (BLED), and green LED (GLED) were 100 mW/cm2, 
6 mW/cm2, 15 mW/cm2 and 2.5 mW/cm2, respectively. 
 For photoelectrochemical measurements, amperometric or linear sweep 
voltammetric (LSV) curves were recorded. Amperometric photocurrent-time (i-t) profiles 
were recorded with pristine TiO2 and N-TiO2 films by holding the potential at 0.4 V vs. 
Ag/AgCl. The light source was turned on and off every 300 seconds periodically to 
record photo- and dark currents. This experiment was performed for 1800 seconds. LSV 
curves were recorded by sweeping the potential once from -0.8 V to 0.4 V vs. Ag/AgCl 
under UVLED and -0.5 V to 0.4 V vs. Ag/AgCl under halogen lamp, BLED and GLED. 
The scan rate of potential for the LSV experiments was 5 mV/s. Electrochemical 
impedance spectroscopy (EIS) was performed to acquire Mott-Schottky and Nyquist 
plots of pristine TiO2 and N-TiO2. Mott-Schottky plots were recorded at the frequency of 
1 Hz under dark condition in the potential ranging from -1.5 V to -0.3 V vs. Ag/AgCl. 
Nyquist plots were obtained during the light-on as well as the light-off of a halogen lamp. 
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For recording Nyquist plots, the AC frequency was varied from 0.1 Hz to 100 kHz with 
the DC potential of -0.7 V vs. Ag/AgCl. 
2.2 Results and Discussion 
Fig. 2.1 shows the UV-VIS absorption spectra of pristine TiO2 and N-TiO2 films 
prepared at different N2 flow rates (flow rate of 40-100 sccm). As can be seen in the inset 
of Figure 2.1, the transparent pristine TiO2 films turned into yellow after N2/Ar plasma 
treatment, showing the effect of nitrogen doping on the visible light absorption of the 
films. UV-visible absorbance spectra confirmed that the treatment with N2/Ar plasma 
induced a significant red shift of the absorption. This change in absorption is consistent 
with the observed color change of the films from colorless to yellow. This shift is 
attributed to new energy states formed by nitrogen incorporation in the film. As shown in 
the inset of Fig. 2.1, the yellow color of N-TiO2 samples became more pronounced as the 
amount of nitrogen flow in the gas mixture increases from 40sccm to 60 sccm. However, 
the yellow color faded to some extent in 80 sccm_N-TiO2 and 100 sccm_N-TiO2 films. 
This color changes affected by nitrogen flow rate are consistent with the evolution of 
UV-VIS spectra shown in Figure 2.1. However, both the 80 and 100 sccm_N-TiO2 films 
still showed a significant increase in visible light absorption over the pristine TiO2. 
Additionally, 100 sccm_N-TiO2 showed an enhanced absorption in the UV region as 
well. It is possible that excessive nitrogen might reduce visible light absorption. A 
negative effect of excessive nitrogen plasma treatment on visible light absorption of TiO2 
was also reported by Jinlong et al.[37] In order to determine the band gap of pristine TiO2 
and N-TiO2 films, Tauc plots (not shown) were generated from the absorbance data. To 
do this, (αhν)1/2 vs. hν was plotted where α is the absorption coefficient and hν is the 
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photon energy. The absorption coefficient was calculated from the absorbance divided by 
the film thickness. The band gap was estimated by extrapolating the linear portion of the 
Tauc plot to the x-axis where the value of (αhν)1/2 approaches zero [38]. The band gap of 
pristine TiO2, 40 sccm_N-TiO2, 80 sccm_N-TiO2 and 100 sccm_N-TiO2 films are 3.5 eV, 
2.95 eV, 2.95 eV and 3.0 eV, respectively. For the 60 sccm_N-TiO2 film, the Tauc plot 
did not show any linear portion, so the band gap could not be determined. The band gap 
of anatase TiO2 is about 3.2 eV. The amorphous nature of our films has proven to possess 
a larger band gap than that of anatase TiO2 [39]. Overall, the N2/Ar plasma treatment 
consistently reduced the bandgap from 3.5 eV to 3.0 eV regardless of the N2/Ar flow rate. 
In addition, the plasma treatment may introduce catalytically active surface defects. This 
is contradictory to bulk defect sites which are generally known as recombination 
centers.[21, 40]  
 
Figure 2.1: UV-Vis absorption spectra of pristine and N-doped TiO2 films prepared with 
different nitrogen gas flow rate (40-100 sccm) in a plasma reactor. (Inset) the 
photographs of pristine TiO2, 40 sccm_N-TiO2, 60 sccm_N-TiO2, 80 sccm_N-TiO2 and 
100 sccm_N-TiO2 films (from left to right) showing the yellow color change.  
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XPS was carried out on pristine TiO2, 40 sccm_N-TiO2, 60 sccm_N-TiO2, 80 
sccm_N-TiO2 and 100 sccm_N-TiO2 films. The measurement was conducted in three 
points on each sample. N1s spectra are presented in Figure 2.2(a). All the films showed a 
nitrogen peak around 395 eV. This strongly indicates that all nitrogen was incorporated 
substitutionally as the 400 eV peak for interstitial nitrogen is absent. The content of 
nitrogen was determined based on the survey XPS spectrum of nitrogen, titanium and 
oxygen. The small peak around 407 eV was not considered for the analysis of nitrogen 
content. Figure 2.2(b) shows a plot of nitrogen flow rate vs. nitrogen content in the N-
TiO2 films. The N content increases with nitrogen gas flow (4-6%). However, 100 
sccm_N-TiO2 film showed the lowest nitrogen content (2.5%). The presence of N along 
the thickness of TiO2 films was investigated by XPS analysis after surface etching. It was 
shown that substitutional nitrogen was incorporated evenly throughout the thickness of 
the film.[41] Figure 2.2(c) shows the Ti 2p XPS spectra. The binding energy of Ti 2p 
states became gradually lower with the higher N flow rates, indicating more pronounced 
effect of Ti-N binding Moreover, the Ti 2p XPS peaks of the N-TiO2 films were 
asymmetric with the shoulder around 456 eV, reflecting the presence of Ti3+. This 
implies that oxygen vacancy sites were formed during N2/Ar plasma treatment. Figure 
2.2(d) shows the valence band XPS spectra of the films. Compared to the pristine TiO2 
films, all the N-TiO2 films showed the significant red shift (over 1eV) in the valence 
band, implying the effectiveness of N2/Ar plasma treatment in reducing the band-gap of 
TiO2.  
22 
 
 
Figure 2.2: (a) high resolution N1s XPS spectra, (b) a plot of N content determined from 
XPS vs. nitrogen flow rate in the plasma reactor, (c) high resolution Ti2p XPS spectra, 
and (d) valence band XPS spectra (inset is the enlarged region near the band edge) of 
pristine TiO2 and N-TiO2 films. 
 
The maintenance of mesostructures in the TiO2 films with open pores during 
plasma treatments is an important factor for their photocatalytic utility by allowing fast 
charge-transport and full access of electrolyte to the catalytic surface. The morphology 
and nanostructure of pristine TiO2 film were characterized by SEM, TEM, STEM and 
XRD as shown in our previous report.[41] Accessible interconnected cubic ordered pores 
were shown in the film. The film thickness is about 80 nm as determined from STEM 
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images. The average pore diameter and wall thickness of the TiO2 films are around 7 nm 
and 5.5 nm, respectively. The effect of N2/Ar plasma treatment on the nanostructure of 
the N-TiO2 films was investigated by SEM as shown in figure 2.3. No significant 
structural change was found in 40 sccm_N-TiO2 films (Figure 2.3(b)). However, the pore 
structure was observed to be deteriorated when treated with 60-100sccn nitrogen flow. In 
addition, the surface of the doped films became significantly roughened compared to the 
pristine TiO2 film. The pores were fused together slightly due to the effects of sintering. 
This is attributed to defects caused by excessive nitrogen doping or the high temperature 
reached during plasma exposure. The similar behavior was also noted previously for 
plasma treated films by Huang et al.[42] and Ishihara et al. [43].  
 
Figure 2.3: SEM images of (a) pristine TiO2, (b) 40 sccm_N-TiO2, (c) 60 sccm_N-TiO2, 
(d) 80 sccm_N-TiO2 and (e) 100 sccm_N-TiO2 films (Scale bar – 100 nm). 
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Amperometric i-t curves were recorded to evaluate the hydrogen production 
performance of the pristine and plasma-treated films. A halogen lamp was used as the 
light source in order to approximate the solar spectrum. The effect of plasma treatment 
parameters such as gas pressure (in torr) and N2 flow rate (in sccm) on the water splitting 
performance was explored. As shown in Figure 2.4, all films treated with N2/Ar plasma 
showed significant photocurrent enhancement, as compared to the pristine TiO2 film. In 
Figure 2.2(a), the photocurrent was progressively enhanced with the increase of gas 
pressure from 0 (no treatment) to 70 torr, indicating more efficient N incorporation at 
higher gas pressures. Pressures higher than 70 torr could not be explored due to the 
inability to sustain consistent plasma. The N-TiO2 films prepared at 70 torr showed the 
maximum photocurrent which was approximately 20 times higher than that of the pristine 
film.  
Following the optimization of the chamber pressure, the effect of N2 gas flow rate 
on photocatalytic activity was investigated. The nitrogen flow rate was varied from 40 
sccm to 100 sccm. The flow rates greater than 100 sccm weren’t able to be assessed due 
to the limitation of N2 mass flow controller. The flow rate of argon was constant 
(100sccm). Therefore, as the flow rate of nitrogen gas was increased, so was the overall 
nitrogen content in the gas mixture. The chamber pressure was kept at 70 torr. As seen in 
Figure 2.4(b), the photocatalytic activity was gradually enhanced with an increasing flow 
rate. The 100 sccm_N-TiO2 film showed the maximum photocurrent density: 1.84 
µA/cm2. This is equivalent to 80.35 mA/g based upon the estimated  mass per area, (2.29 
×10-5 g/cm2) of the film, the film thickness of 80 nm film, pore diameter, and wall 
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thickness acquired from SEM images.  The photocurrent for 100 sccm_N-TiO2 film is 
about 92 times larger than that of the pristine TiO2 film. 
 
Figure 2.4: The effect of plasma treatment conditions on photocatalytic current-time (i-t) 
profiles under the illumination of a halogen lamp representing hydrogen production by 
water splitting reaction: The current-time (i-t) profiles (a) with a gas pressure variation 
and (b) with different N2 gas flow rates.  
 
In order to achieve the goal of efficiently utilizing the entire spectrum of solar 
light, it is important that an efficient photocatalysis takes place not only in the UV region, 
but also in the visible region of the spectrum. As an effort to evaluate wavelength-
dependent photoactivity, amperometric i-t measurements were carried out using 3 
different light sources: UVLED (365 nm), BLED (455 nm), and GLED (530 nm). Figure 
2.5a-c shows the amperometric i-t curves of pristine TiO2 and 100 sccm_N-TiO2 films 
under the illumination of UVLED, BLED and GLED. The photocurrent densities under 
UVLED, BLED and GLED are 66.5 µA/cm2, 3.8 µA/cm2, and 0.15 µA/cm2, respectively. 
The corresponding photocurrent enhancement of 100 sccm_TiO2 compared to pristine 
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TiO2 was ~80 times under UVLED and ~240 times for BLED. Most notable is that under 
GLED, no apparent photocurrent was observed for the pristine TiO2 film, while 
significant photocurrent density was observed after the plasma treatment. These 
enhancements are far greater than the previously reported enhancements of only the 
factor of a few.[44, 45]  
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Figure 2.5: Amperometric current-time (i-t) profiles with pristine TiO2 (0 sccm) and 100 
sccm_N-TiO2 films under the illumination of (a) UVLED, (b) BLED and (c) GLED. 
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In addition to chronoamperometric curves recorded at fixed potential (0.4 V vs. 
Ag/AgCl), linear sweep voltammetric (LSV) curves were recorded with pristine TiO2 and 
100 sccm_N-TiO2. The LSV curves recorded during the period of light exposure and no 
light exposure using a halogen lamp, UVLED, BLED and GLED are presented in Figures 
2.6(a), 2.6(b), 2.6(c), and 2.6(d), respectively. Photocurrents increase with applied 
potential. As seen in Fig. 2.6, significant photocurrents were observed for the light-on 
periods of all types of light sources. The photocurrent enhancement determined at 0.35 V 
vs. Ag/AgCl under halogen bulb, UVLED and BLED are 82, 112 and 220 times, 
respectively. Since pristine TiO2 film did not show any photoresponse under GLED, the 
enhancement could not be determined. The enhancements of photocurrents in LSV 
curves are consistent with the results obtained in the amperometric measurements (Figure 
2.5). Overall, the photocurrent enhancements observed in this study significantly exceed 
the values reported in other literature. Sharma et al., prepared plasma-treated nitrogen 
doped TiO2 nanotubes and found 2 times enhancement of water splitting photocurrent 
compared to pristine TiO2 nanotubes under illumination of a solar simulator [45]. Liu et 
al. also showed less than 2 times photocurrent enhancement in water splitting under 350 
W Xe lamp for plasma treated N-TiO2 nanotubes compared to pristine TiO2 nanotubes 
[46]. 
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Figure 2.6: Linear sweep voltammetric (LSV) curves recorded with  pristine TiO2 (0 
sccm) and 100 sccm_N-TiO2 films under the illumination of (a) halogen lamp, (b) 
UVLED, (c) BLED and (d) GLED. 
 
According to many previous studies, nitrogen doping showed substantially 
improved photoactivity in the visible range of solar spectrum, but not in the UV 
range.[38, 47, 48] In our study, N2/Ar plasma treated mesoporous N-TiO2 films showed 
significant enhancement of photocatalytic activity not only under visible light but also 
under UV light. This extraordinary behavior of our N-TiO2 films is attributed to the 
efficiency of plasma treatment which induces a high content of nitrogen with 
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substitutional incorporation. This efficient doping method combined with the 
advantageous mesoporous TiO2 structure seems to enable efficient charge separation and 
transportation. Moreover, the amorphous nature of mesoporous TiO2 films itself may 
assist the efficient incorporation of nitrogen into the lattice.  
Defects present in bulk titania are known to deteriorate photocatalytic 
performance as the defects act as charge recombination centers. However, the rich 
surface defects of mesoporous TiO2 film may provide catalytic sites which enable the 
adsorption of water molecules. Those surface defects may work as charge carrier traps 
and induce charge transfer to adsorbed molecules resulting in high photoelectrochemical 
performance. In addition, the highly porous nature of the films provides for a sample with 
a very large amount of surface and very little bulk. Li et al. showed that surface defects in 
TiO2 enhances its photocatalytic activity [49]. Salari et al. also showed enhanced 
photocatalytic activity of titania due to the effects of surface disorder formed by heating 
at high temperature and in absence of oxygen atmosphere [50]. Under the N2/Ar plasma 
treatment of high-surface-area, mesoporous TiO2 films, high density of surface disorder 
might be created along with nitrogen doping. Therefore, the outstanding photocurrent 
enhancement we observed in this study can be attributed to both nitrogen doping and 
surface defects formed by plasma treatment.  
Another interesting feature of LSV curves and chronoamperometric curves are the 
time-dependent decay of photocurrents during the light-on period. As can be seen in 
Figure 2.6(a), 2.6(c), and 2.6(d), the photocurrents went decayed within a time scale of 
seconds before they reached constant values. The photocurrent decay is possibly due to 
the trapping of photogenerated charges at trap sites, followed by charge recombination. 
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The decay rate of photocurrents represents the rate of trapping charges since the rate of 
charge recombination would be much faster than the time-resolution of electrochemical 
measurements. Photocurrent becomes stable when the rate of charge generation is equal 
to the rate of charge recombination. While photocurrents by a halogen lamp, BLED, and 
GLED showed photocurrent decays, UVLED did not induce photocurrent decay, as 
shown in Figure 2.6(b). Although the origin is not clear, the difference between UV and 
visible light sources clearly reflect the different paths of charge carriers generated by UV 
and visible lights.  
Open circuit potential (OCP) was measured with pristine TiO2 and 100 sccm_N-
TiO2 films during light-on and light-off periods of a halogen lamp. The OCP measured 
during the illumination of halogen bulb was -0.19V and -0.34V for pristine TiO2 and 100 
sccm_N-TiO2 , respectively. The OCP of pristine TiO2 and 100 sccm_N-TiO2 under dark 
conditions was -0.05 V and -0.09 V, respectively. So, the OCP of the plasma treated 
samples is more negative compared to pristine TiO2 film both under dark and light 
illumination. A more negative value of OCP shows favorable energetics for water 
splitting since it reveals the difference between the Fermi level of the semiconductor and 
redox potential of the electrolyte [45]. 
 The electronic properties of TiO2 films and the interface between the TiO2 film 
and the electrolyte were investigated by electrochemical impedance spectroscopy (EIS). 
Mott-Schottky plots were obtained with pristine TiO2 and 100 sccm_N-TiO2 films as 
shown in Figure 2.7(a). The positive slope of the Mott-Schottky plot indicates that TiO2 
is an n-type semiconductor [51, 52]. The flat band potential (Efb) was estimated by 
extrapolating the linear portion of the Mott-Schottky plot to the x-axis. The Efb for 
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pristine TiO2 and 100 sccm_N-TiO2 films are -0.92 and -0.65 V, respectively. So, a 
significant decrease in the flat band potential of the films was found upon plasma 
treatment. This is consistent with literature observations of nitrogen doping reducing the 
Efb [53-55]. In an n-type semiconductor, electrons are the charge carriers. The density of 
charge carriers (ND) was calculated from the slope of the linear portion of the Mott-
Schottky plots. The Mott-Schottky equation is  
1
	
2
 
where C is the areal capacitance of the space charge layer, q is the elementary charge (1.6 
× 10-19 C), ɛ0 the vacuum permittivity (8.85 × 10-14 Fcm-1), ɛ the dielectric constant of the 
studied semiconductor, Efb the flat band potential, E the applied external bias, κ 
Boltzmann’s constant, and T the absolute temperature.  
The dielectric constant is assumed to be 41 for TiO2 [55]. The calculated ND in 
pristine TiO2 and 100 sccm_N-TiO2 films are 1.22×1020 cm-3 and 1.28×1020 cm-3, 
respectively. So, there is a very small increase in charge carrier density upon plasma 
treatment. Cao et al. reported that charge carrier density increased from 3.5 × 1019 cm-3 in 
pristine TiO2 to 5.7 × 1020 cm-3 upon nitrogen doping [56]. However, Hanzu et al. 
reported  a reduction in ND from  6.7×1020 cm-3 in pristine TiO2 nanotubes to 3.9×1020 
cm-3 upon nitrogen doping [57]. 
 Nyquist plots were recorded for pristine TiO2 and 100 sccm_N-TiO2 films under 
dark and illumination of a halogen lamp as shown in Figure 2.7(b). The significantly 
smaller area under the curve of N-TiO2 compared to pristine TiO2 indicates a more 
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efficient charge transfer at the electrolyte-electrode interface.[58] Therefore, the 
photogenerated electron-hole pair undergoes more efficient separation and faster 
interfacial charge transfer in the N-TiO2 than the pristine TiO2 film. The facilitated 
charge transfer kinetics of the 100 sccm_N-TiO2 films is consistent with the photocurrent 
enhancement in the amperometric and LSV measurements.  
 
Figure 2.7: (a) Mott-Schottky plot and (b) Nyquist plot recorded for pristine TiO2 (0 
sccm) and 100 sccm_N-TiO2. 
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CHAPTER 3: PLASMA-INDUCED HYDROGENATION OF MESOPOROUS 
TIO2 FILMS FOR SUPERCAPACITOR APPLICATIONS 
3.1 Experimental Details 
3.1.1 Synthesis of Mesoporous TiO2 Films 
  Mesoporous TiO2 films were prepared on conductive boron-doped Si wafer 
(resistivity of ≤0.005 ohm-cm, Virginia Semiconductor). The procedure of preparing 
mesoporous TiO2 films was described in detail in chapter 2. 
3.1.2 H2 Plasma Treatment  
Hydrogen plasma treatment was carried out using the microwave-assisted plasma 
CVD system (AX5010, Seki Diamond). The details of the system were described in 
chapter 1. The TiO2 film was placed on a Molybdenum (Mo) stage and the chamber was 
evacuated. Once a base pressure of 60 mtorr was established, the chamber was purged 
with H2 gas at a flow rate of 100 sccm for 10 min. Then, the pressure was brought to 5 
torr H2 and the plasma was ignited using 300 W microwave power (2.45 GHz). With the 
plasma on, the pressure and power were slowly increased to 40 torr and 400 W, 
respectively, where they remained for 30 minutes. 
3.1.3 Characterization 
 The morphology and structure of TiO2 films were characterized with a scanning 
electron microscope (SEM) attached to a Focused Ion Beam instrument (Helios Nanolab 
660, FEI). The samples for SEM characterizations were prepared by cutting the FTO 
substrate where TiO2 thin film was mounted using a glass cutter and then mounting the 
sample exactly at the center of a SEM stub coated with carbon tape. The optical 
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absorption spectra of the samples were obtained with a UV-vis absorption spectrometer 
(Ocean Optics, DT-MINI-2-GS). The measurement was carried out by placing the films 
at an angle of ~45° relative to the incident beam. X-ray photoelectron spectroscopic 
(XPS) analysis was conducted using a ThermoScientific K-Alpha photoelectron 
spectrometer using monochromatic Al K-α radiation with photon energy of 1486.6 eV. 
Prior to the XPS characterization, samples were cleaned with ethanol to remove dust 
from their surface.  
3.1.4 Electrochemical Characterization 
 Electrochemical measurements were conducted on a CHI-660D potentiostat (CH 
Instruments) using a 3-electrode cell. Either pristine TiO2 films or hydrogen-plasma 
treated TiO2 (H-TiO2) films served as the working electrode. The geometric area of the 
working electrode was 0.156 cm2. A carbon rod was used as the counter electrode. For 
aqueous measurements, Ag/AgCl was the reference electrode and 0.5M Na2SO4 served as 
the electrolyte. For non-aqueous measurements, 0.1M tetrabutylammonium perchlorate 
(TBAP) in dry acetonitrile was served as the electrolyte and a Ag/Ag+ electrode was used 
as the reference (CH Instruments). The Ag/Ag+ reference electrode was prepared by 
filling acetonitrile solution of 0.1M TBAP and 0.01M AgNO3 into a glass tube containing 
a silver wire sealed with a porous Teflon frit.  
3.2 Results and Discussion 
 The structure and surface morphology of the TiO2 films before and after hydrogen 
plasma treatment were characterized by scanning electron microscopy (SEM). Figure 
3.1(a) shows an SEM image of the pristine TiO2 film. Nanometer-sized pores are clearly 
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visible on the top surface of the film. The pore diameter and the pore wall thickness of 
the TiO2 films are about 7 nm and 5.5 nm, respectively. The detailed characterization of 
the nanostructure of the films was discussed in chapter 2. After hydrogen plasma 
treatment, the transparent TiO2 turned to black as shown in the insets of Figure 3.1(a) and 
(b), which indicates the profound impact of hydrogen plasma treatment on the film. 
Figure 3.1(b) shows a SEM image of TiO2 film after hydrogen plasma treatment. While 
significant mesostructure change is observed with the roughened surface, the majority of 
the pores are still visible.  
X-ray photoelectron spectroscopy (XPS) was performed to explore the chemical 
sates of the elements in hydrogen plasma treated TiO2. Figure 3.1(c) and 3.1(d) show the 
XPS Ti 2p and O 1s spectra, respectively. In the pristine TiO2 films, two peaks observed 
at 457.9eV and 463.8 eV were assigned to Ti 2p1/2 and Ti 2p3/2 of Ti4+, respectively [33]. 
After plasma treatment, the peaks for Ti 2p are noticeably shifted approximately 0.7 eV 
towards higher energy (from 457.9 eV to 458.6 eV). The origin of this shift is not clear, 
but could be due to the phase change (from amorphous to crystalline structure). Along 
with the peak at 458.6 eV for Ti 2p1/2, a shoulder at about 456.0 eV is observed upon 
hydrogen plasma treatment. The appearance of the new shoulder at 456.0 eV in H-TiO2 is 
attributed to formation of Ti3+ in the film.[59] The Ti3+ states are generally assigned to 
the oxygen vacancy sites of TiO2.  
XPS O1s spectra of pristine TiO2 and H-TiO2 films are shown in Figure 3.1(d). A 
peak for O 1s is observed at 529.7 eV and 530.0 eV for pristine TiO2 and H-TiO2 films, 
respectively. Both spectra showed a small peak at about 532 eV indicating the presence 
of hydroxyl groups on the surface of the films. However, the peak intensity for H-TiO2 
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film is much higher compared to the pristine TiO2 film. This suggests that H2 plasma 
treatment introduces more hydroxyl group on the films [34].  
 
Figure 3.1: SEM images of (a) pristine and (b) H2-plasma treated TiO2 films (Inset: the 
photographs of pristine and H2-plamsa treated TiO2 films). (c) XPS Ti 2p spectra, and (d) 
XPS O 1s spectra.  
 
 To evaluate the capacitance behavior of the pristine TiO2 and H-TiO2 films, cyclic 
voltammetry (CV) was performed at various scan rates ranging from 50 mV/s to 1000 
mV/s in the potential window of -0.38 V to 0.62 V. A three-electrode, single-
compartment system was used with either pristine TiO2 or H-TiO2 film as the working 
electrode. A Ag/AgCl electrode and a carbon rod were used as the reference electrode 
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and the counter electrode, respectively. 0.5 M Na2SO4 was an aqueous electrolyte. Figure 
3.2(a) and (b) show the CVs recorded with a pristine TiO2 and H-TiO2, respectively. The 
specific electrochemical capacitance, C, was calculated from CVs at the scan rate of 100 
mV/s based on the following equation: 

 
where C is specific capacitance (F/cm2), I is the current (A),  is the scan rate (Vs-1), and 
A is the geometric area (cm2) of pristine TiO2 or H-TiO2. Utilizing the area of the CV 
allows for the average capacitance to be obtained over the entire potential window. The 
capacitance was raised from 4.17 µF cm-2 (pristine TiO2) to 1.26 mF cm-2 (H-TiO2) after 
hydrogenation. This is an overall 300 times enhancement in capacitance after 
hydrogenation. To evaluate the scan rate dependence on the capacitance of the films, the 
plot of scan rate vs. capacitance was constructed for pristine TiO2 and H-TiO2 films 
(figure 3.2(c)). Both films displayed a decay of capacitance with the faster scan rates. As 
the scan rate is increased from 50 mV/s to 1000 mV/s, the pristine TiO2 film retained 81 
% of its capacitance and the H-TiO2 film retained 77 % of its capacitance. Galvanostatic 
charge-discharge measurements were also performed to determine the capacitance in the 
potential range of -0.38 V to 0.62 V at the fixed current density of 63 µA cm-2 as shown 
in figure 3.2(d). The charging-discharging time of the H-TiO2 was significantly longer 
than that of the pristine TiO2 film, indicating the large enhancement of capacitance. 
Using the discharging portion of the cycle, the specific capacitances of the pristine TiO2 
and H-TiO2 were calculated based on: 
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where C is the specific capacitance (F/cm2), I is the discharging current (A), t is the 
discharging time (s), V is the potential window (V), and A is the geometric area of 
electrodes (cm2). From this measurement, the specific capacitance (C) was calculated to 
be 4.2 µF cm-2 for the pristine TiO2 and 1.1 mF cm-2 for H-TiO2. This gives 250x 
enhancement of capacitance, similar to the results of cyclic voltammetric measurements. 
The significant enhancement of the capacitances in TiO2 films after H2 plasma treatment 
arises from two factors: (i) the enlargement of active surface area available for 
electrochemical capacitance due to great conductivity increase [31, 35] and (ii) the 
formation of surface functional groups which allows for redox reactions to occur on the 
electrode. 
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Figure 3.2: Cyclic Voltammograms of (a) pristine TiO2 and (b) H-TiO2 at various scan 
rates, (c) the plot of scan rate (V/s) vs. capacitance (µF/cm2), and (d) charging-
discharging curves of TiO2 and H-TiO2 at the fixed current of 63 µA cm-2 in 0.5 M 
Na2SO4.  
 
 Electrochemical capacitances of the pristine TiO2 and H-TiO2 films were also 
studied in organic electrolyte (0.1M tetrabutylammonium perchlorate (TBAP) in 
acetonitrile). Acetonitrile is a commonly used solvent for commercial supercapacitors 
and TBAP is a model organic electrolyte. Similar to the aqueous measurements, the 3 
electrodes (WE, RE, CE) were used with a Ag/Ag+ electrode as the RE instead of a 
Ag/AgCl electrode. Cyclic voltammetry was performed in a potential window of 0.0 V to 
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1.0 V. Open circuit potential measurements between the two reference electrodes showed 
the Ag/Ag+ electrode to be 0.35V and 0.38V vs. Ag/AgCl in acetonitrile and water 
respectively. CVs of pristine and H-TiO2 in the organic electrolyte solution are shown in 
figure 3.3(a) and (b) respectively. Again, the average capacitance was determined from 
the 100 mV/s CVs using the equation above. The capacitance of the pristine TiO2 was 
increased from 10.0 µF cm-2 to 1.76 mF cm-2 after hydrogenation. This is an overall 176 
times increase in capacitance after hydrogenation. The scan rate dependence of 
capacitance was quite different in organic electrolyte compared to aqueous electrolyte. 
The pristine film retained 25% of its capacitance and the hydrogenated film retained 43% 
of its capacitance as the scan rate was increased from 50 mV/s to 1000 mV/s. The larger 
scan rate dependence in organic electrolyte is attributed to the much larger electrolyte 
size diffusing slower through the pores of the film. Charging-discharging measurements 
were also performed using the potential window of 0.0 V to 1.0 V at the current density 
of 63 µA cm-2. The charging-discharging cycle of the H-TiO2 was significantly prolonged 
compared to that of the pristine TiO2 film. Capacitances determined from the discharging 
portion of the curves were 6.7 µF cm-2 and 360 µF cm-2 for pristine TiO2 and H-TiO2, 
respectively. This gives a 53X enhancement of capacitance.  
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Figure 3.3: Cyclic Voltammograms of (a) pristine TiO2 and (b) H-TiO2 at various scan 
rates, (c) the plot of scan rates vs. capacitances, and (d) charging-discharging curves of 
TiO2 and H-TiO2 at the fixed current of 63 µA cm-2 in 0.1 M TBAP.  
 
 In an effort to fully understand the mechanism of capacitance enhancement, as 
well as well as explore the potential window of the films and solvent, cyclic 
voltammograms were obtained using a much larger potential window. In figure 3.4(a), 
the peak centered at 0.5V in aqueous electrolyte is observed only after the large negative 
potential is applied. This is consistent with the formation of Ti3+ at large negative 
potentials. This peak is not observed in organic electrolyte suggesting the presence of 
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water plays an important role in Ti4+ reduction. This is consistent with Wu et al.’s 
assertion that electrochemical doping takes place due to hydrogen evolution on the 
electrode surface during electrolysis.[35] Under this window, it is clearly seen in figure 
3.4(b) that the large increase capacitance obtained at lower potentials in the H-TiO2 films 
is due to the introduction of faradaic reactions not observed in the pristine samples. H-
TiO2 films show discernible redox peaks in both organic and aqueous electrolytes though 
significant differences in the number and position of the peaks are observed. While the 
electrode/solvent reactions taking place in water are not fully understood at this time, it 
has been suggested that this is a series of protonation and deprotonation reactions with 
hydroxyl groups on the electrode surface.[33] No significant difference in the potential 
window of the solvents is observed. Interestingly, the potential window observed for 
water (> 3V) is much higher than the expected window of less than 2V. For the pristine 
TiO2, it appears as though the potential window is possibly even smaller than that of 
water. This could be due to water contamination of the organic solvent since experiments 
were carried out in air. 
 
Figure 3.4: Cyclic voltammograms with the wider potential window recorded for (a) 
pristine TiO2 and (b) H-TiO2 in 0.5 M Na2SO4 and 0.1M TBAP.  
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 To test the long-term stability of the capacitance of the films, the films were 
cycled 2000 times in both electrolytes (0.5 M Na2SO4 and 0.1M TBAP) using the 
charging-discharging technique. A plot of cycle number vs. capacitance is shown in 
figure 3.5. The pristine films showed remarkable stability in both electrolytes retaining 
nearly 100% of their initial capacitance after 2000 cycles. This in itself is intriguing 
considering the reported cycling performance of TiO2 nanotube arrays, particularly those 
which are amorphous.[33] This highly stable behavior supports the notion that pristine 
TiO2 is capable of EDLC exclusively. The plasma treated films did show noticeable loss 
of capacitance after cycling, losing 46% (from 1.1 mF cm-2 to 0.59 mF cm-2) and 34% 
(from 0.36 mF cm-2 to 0.24 mF cm-2) of their initial capacitance in aqueous and organic 
electrolytes, respectively. The higher instability when using aqueous electrolyte as 
compared to organic electrolyte suggests some of the reactions occurring between the H-
TiO2 film and water are irreversible leading to an overall decrease in capacitance. 
However, the treated films still retained a significantly higher capacitance at the end of 
2000 cycles than the pristine films. The hydrogenated films retained 144 times and 36 
times the capacitance of the pristine films respectively after the 2000 cycles. 
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Figure 3.5: The long-term stability of capacitances of the pristine TiO2 and H-TiO2 films 
in 0.5M Na2SO4 and 0.1M TBAP. The capacitances were determined by charging-
discharging curves at the current of 63 µA cm-2. 
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 
 4.1 Conclusions  
To meet increasing energy demands, the world is turning to green sources of 
energy as a clean alternative to traditional energy production methods. For successful 
widespread utilization of these renewable energies, it is evident that more advanced 
energy storage technologies are essential to help supplement the intermittent nature of 
these energy sources. The production of hydrogen through photoelectrochemical water 
splitting is a promising technique to convert solar energy into on-demand chemical 
energy. Electrochemical supercapacitors are useful as a supplement to batteries and fuel 
cells in applications where large amounts of power are needed more than large amounts 
of energy. In this thesis, plasma treated mesoporous TiO2 films were explored for use in 
both hydrogen production and supercapacitors. 
4.1.1 Nitrogen Doped Mesoporous TiO2 Films for Photocatalytic Water Splitting 
Rapid and efficient nitrogen doping of ordered, mesoporous TiO2 thin films using 
nitrogen/argon (N2/Ar) plasma for hydrogen production by water splitting under the 
illumination of visible and ultraviolet lights has been accomplished. Cubic ordered 
mesoporous TiO2 thin films were prepared by a surfactant-templated sol-gel method and 
were treated with N2/Ar plasma. UV-VIS absorption data suggests the significant 
reduction in band-gap of TiO2 films from 3.50 eV to 2.95 eV after plasma treatment. X-
ray photoelectron spectroscopic (XPS) results of N-TiO2 films showed that the N2/Ar 
plasma treatment enabled the efficient incorporation of substitutional N atoms into   
mesoporous TiO2 films. Photoelectrochemical (PEC) measurements demonstrated a 
dramatic enhancement in photocurrents for N-TiO2 films under both UV and visible-light 
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illumination. The effect of plasma parameters such as gas pressure and nitrogen gas flow 
rate on the photocurrent was explored. The photocurrent enhancements under UVLED 
and BLED are 84 times and 235 times, respectively. The results revealed that plasma 
treated N-TiO2 films showed great enhancement in water splitting not only under visible 
lights of both short and long wavelengths but also under UV light. This enhancement in 
water splitting is much greater than any other previous reports. The extraordinary 
enhancement observed suggests that the plasma-induced doping method combined with a 
mesoporous TiO2 architecture enables the efficient incorporation of substitutional 
dopants into TiO2 nanostructures and the generation of catalytic active sites on surface, 
thereby inducing superior UV and visible-light driven photoelectrochemical hydrogen 
production. 
4.1.2 Plasma-Induced Hydrogenation of Mesoporous TiO2 Films for Supercapacitor 
Applications 
 Hydrogenation of ordered, mesoporous TiO2 thin films by H2 plasma treatment 
has been accomplished for electrochemical supercapacitor studies. X-ray photoelectron 
spectroscopic (XPS) results suggest that oxygen vacancies are effectively incorporated in 
the structure of the film. The electrochemical capacitances (in µF cm-2 ) of the pristine 
TiO2 and H-TiO2 thin films were determined in aqueous electrolyte (0.5 M Na2SO4) as 
well as organic electrolyte (0.1M TBAP). To the best of my knowledge, this is the first 
study to explore the capacitance of H-TiO2 in organic electrolyte. In aqueous electrolyte, 
the capacitance of H-TiO2 was 250x larger than that of the pristine TiO2 (4.2 µF cm-2 for 
the pristine TiO2 and 1.1 mF cm-2 for H-TiO2). In organic electrolyte, the enhancement of 
176x was observed as the capacitance was 10.0 µF cm-2 for pristine TiO2 and 1.76 mF 
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cm-2 after hydrogenation. The examination of electrochemical behaviors of TiO2 and H-
TiO2 in a larger potential window revealed distinctly different redox-reactions taking 
place on the electrode between aqueous and organic electrolyte. Long-term cycling 
revealed that the capacitance of the H-TiO2 films did not decay as quickly in organic 
electrolyte as aqueous electrolyte. Overall, H2 plasma treatment has proven to be an 
effective technique for the efficient hydrogenation of TiO2 films. Additionally, these 
plasma treated films demonstrated superior capacitances to the untreated films regardless 
of solvent. 
4.2 Future Directions 
 Although remarkable capacitance behavior and PEC water splitting performance 
of the mesoporous TiO2 films have been achieved by plasma treatment, there are still 
several key issues which need to be addressed. Firstly, the mesoporous TiO2 films 
prepared by a surfactant-templated sol-gel method are quite thin (80-100 nm). Due to the 
small thickness of the TiO2 films, fundamental structural analyses such as X-ray 
Diffraction (XRD), Raman spectroscopy, and IR spectroscopy, are challenging. It is 
desirable to use these techniques to explore phase and structural changes in the material 
during plasma treatment and a subsequent cool-down period. For further study, it will be 
necessary to scale the material up to enable structural characterizations. This could 
perhaps be achieved by stacking multiple films to make a thicker film or by collecting 
larger amount of samples by scraping off several films. Each of these methods contains 
unique challenges which would need to be overcome. Secondly, experiments determining 
incident-photon-conversion-efficiency (IPCE) or absorbed-photon-conversion-efficiency 
(APCE) curves need to be performed to unveil the origin of the unprecedented 
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enhancement in photocurrents we observed. IPCE and APCE results will enable the 
direct comparison of N2/Ar plasma-treated TiO2 films with other types of materials for 
photocatalytic H2 production performances. IPCE or APCE curves will be determined 
under the illumination of either LEDs (UV, blue, and green) or a solar simulator.  
 TiO2 has been a well studied material for many years due to its highly desirable 
physical, chemical, and electrical properties. Due to this well studied nature and its 
remarkable PEC water splitting performance in the UV range, TiO2 will continue to serve 
as a benchmark and comparison standard for new materials for the foreseeable future. 
However, due to its extremely wide band gap and poor electrical conductivity, current 
research is being shifted from solely TiO2 for supercapacitors or PEC water splitting 
devices to TiO2-based composite materials. For example, TiO2-based composite materials 
including carbon materials,[60, 61] inorganic quantum dots,[62, 63] and other 
metals/metal oxides were previously explored.[33, 64] These studies have shown that 
TiO2 has desirable band edge positions for fast and efficient charge-transfer when 
combined with other active materials. The control and understanding of interfacial 
properties in the composite materials will be required to promote the photocatalytic and 
electrochemical performances.   
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